We perform absorption and photoluminescence spectroscopy of trions in hBN-encapsulated WSe2, WS2, MoSe2, and MoS2 monolayers, depending on temperature. The different trends for W-and Mo-based materials are excellently reproduced considering a Fermi-Dirac distribution of bright and dark trions. We find a dark trion, 19 meV below the lowest bright trion, in WSe2 and WS2. In MoSe2, lies 6 meV above , while and almost coincide in MoS2. Our results agree with GW-BSE ab-initio calculations and quantitatively explain the optical response of doped monolayers with temperature.
show PL spectra at different temperatures for hBN-encapsulated 1L WS2, MoSe2, and MoS2. Similar to WSe2, WS2 also exhibits two trions and one neutral exciton. The PL lines U and U in Fig. 1 (e) and 1(f) have previously been associated either with the emission from defect-bound excitons [34] or with dark excitons coupled to chiral phonons [35] . For 1L MoS2, two trions are clearly discernible ( Fig. 1(d) ), in agreement with recent reports [36] . For 1L MoSe2, only one trion is visible ( Fig. 1(c) ). Theoretically, three nearly degenerate bright resonances are expected for MoSe2, which possibly are not resolved in the experiment [14] .
Transfer of oscillator strength between trions and excitons.
To gain a comprehensive understanding of the optical response of the 2D semiconductors at different temperatures, we fit the trion and neutral exciton resonances in the absorption and PL spectra of Fig. 1 (a)-(h) with normalized Lorentzians. The area of the absorption lines is proportional to the optical oscillator strength of the transitions [37] [38] [39] , which are plotted in Figs. 2(a -d) . In all cases, the oscillator strength of the trions decreases as the temperature rises, while it increases for the neutral excitons ( Fig. S4 [25] ). This observation is in agreement with previous temperature-dependent spectroscopy of trion-exciton pairs in II-VI quantum wells [37] [38] [39] , 1L WSe2 [6] , and 1L WS2 [40] , where a relationship between the excess carrier density and the trion oscillator strength was found. Such a connection has also been established in magneto-reflectance and magneto-PL spectroscopy of III-V and II-VI quantum wells [39, 41, 42] and TMDC monolayers [43] . The mechanism of oscillator strength transfer from trions to excitons with temperature is explained as follows.
In a doped semiconductor (considering negative doping henceforth) at thermal equilibrium, excess charges occupy phase space around the band extrema of the Brillouin zone following a Fermi-Dirac (F-D) distribution, ( ) ( Fig. 3(a) ). The thermal distribution of optically-created trions in quasiequilibrium is related to the one of the excess electrons through the mass ratio i.e.
( ) = * ! " * # [37, 44] , where $ * and % * = 2$ * + $ ( * are the electron and trion effective masses, $ ( * is the hole effective mass (see Figs. S5(a) and (b) [25] ). The formation of optically bright trions, which requires extra carriers within the light cone, is favored at low temperatures, resulting in a large trion oscillator strength. The creation of neutral excitons is quenched due to Pauli blocking, as well as by screening due to the presence of free carriers [45] . As temperature increases, trions redistribute towards higher energies and away from the light cone ( Fig. 3 (b) and Fig. S5 (c)-(e) [25] ). This process reduces the number of optically active trions, leading to a reduction of their oscillator strength. Simultaneously, the formation of neutral excitons is enhanced due to an increased number of unoccupied states around the K points, leading to an increase of exciton oscillator strength.
We phenomenologically model the oscillator strength of trions ) * at different temperatures by a broadened-step F-D-like function ( where ) is the oscillator strength parameter in the limit of = 0 K, and 5 is the width of the distribution around the temperature . The fitted parameters are provided in Table S2 [25] . The exact values of and 5 depend on i) the complicated interplay of various trion-scattering processes such as phonon-mediated intravalley scattering, intervalley scattering between K ± valleys or other points of the Brillouin zone, ii) the curvatures of the bands, and iii) the doping density in the different materials. In the next section, we will use these fitted functions of the oscillator strength for calculating the temperaturedependent behavior of PL intensities of the trions.
Temperature dependence of the trion photoluminescence. For WSe2, the PL intensity of both trions steadily increases up to T = 70 K, followed by a decrease (Fig. 2(e) ). For WS2, the PL intensity of both trions shows an initial reduction up to = 30 K, also followed by an increase up to = 70 K, and a decrease at higher temperatures ( Fig. 2(f) ). Figures 2(g) and 2(h) depict the measured trion emission intensities of MoSe2 and MoS2. They strongly differ from the W-based materials, because, here, the emission intensity decreases with rising temperature.
The striking behavior of the two W-based materials is explained as follows. In the simplest approximation, the trion PL intensity is proportional to the number density of the optically active trions 8 (at thermal equilibrium) around the K points of the Brillouin zone within the light cone and their oscillator strengths ) * ( ): 9 * ( ) = 8 ( ) ) * ( ) = :8 ;< + = ,
Here, 8 is the total (bright and dark) number density of trions, H(X ) and H(X ) are the energies of the bright and the dark trion, 8 ;< ) * ( ) is the PL background, representing a possible PL increase due to optical doping or a PL decrease due to nonradiative processes, and I J is the Boltzmann constant. Unlike neutral excitons, an extra electron is required for the creation of negative trions. Therefore, the population of trions in quasithermal equilibrium at low excitation densities is directly proportional to the number density of excess electrons. To recombine and emit a photon, a trion should be located within the light cone to satisfy the linear momentum conservation. In addition, the three carriers constituting a trion need to have the correct spin orientation to be optically bright ( Fig. S1 [25] ). In steady state, one can assume a F-D distribution of the bright and dark trions. In this case, the trion luminescence from the bright states is governed by F-D statistics. In first approximation, neutral excitons, being bosons, do not directly participate in this process. In W-based materials, the lowest energy trion state is optically dark (Fig. S1 (c) [25] ) [1, 4, 6, [8] [9] [10] 14, 15, 17, 46] , leading to an inefficient PL emission ( Fig. 3(b) ) at low temperatures. When the temperature is initially increased (5 K < < 30 K), the oscillator strength of WS2 () * ( ) in Eq. 2) drops sharply ( Fig. 2(b) ), while it decreases only slightly for WSe2 ( Fig. 2(a) ). As a consequence, the trion PL intensity of WS2 falls initially, while it shows a slight increase for WSe2. With rising temperature (30 K < < 70 K), the bright-trion state with energy H(X ) is increasingly populated following a F-D distribution, resulting in a stronger PL ( Fig. 3(b) , right panel) for both materials. However, as the trion oscillator strength ) * drastically decreases at higher temperatures > 70 K (Figs. 2(a) and 2(b)), the PL intensity decreases again for both W-based materials. We use Eq.
(2) to fit the trion PL intensities of WSe2 and WS2 in Figs. 2(e) and 2(f) (solid lines). The energies of the two bright trions H(X ) and H(X ) are fixed to the values obtained from the measured PL spectra, and an additional dark-trion state of energy H(X ) is assumed. The two trion-intensity curves are collectively fit only using PL data for M 150 K, so that a role of non-radiative processes and phonon-absorption-related processes at higher temperatures is minimized. From our fitting (Table 1) , we find that the additional (dark) trion state X is located 19 ± 3 meV below the lowest bright trion X both in WSe2 and WS2 (Fig. 4 ). This value is in excellent agreement with recent gate-voltage-dependent PL studies in hBNencapsulated WSe2, where the reported numbers are 20 meV [23] and 22 meV [47] . We emphasize that we obtain the same value of H(X ) within our error bars for both materials, when applying our model to each bright trion independently (unlike fitting the two trions collectively above, where a common H(X ) was assumed). Table 1 . Energies of the dark trion X , bright trions (X and X ) and the bright exciton X in the four materials. The last two columns show the energy difference of X , with respect to the X , in experiment and GW-BSE ab-initio calculations.
Monolayer (hBN encapsulated)
Transition energy (meV)
For MoS2, only X is used in our model, since X is very weak in PL and cannot be tracked at higher temperatures. We find a dark-trion state located 6 ± 3 meV and 2 ± 3 meV above the bright-trion state for MoSe2 and MoS2, respectively, elucidating the "optically-bright nature" of Mo-based materials (Fig. 4) . Importantly, it is not possible to model the experimental data, if the dark-trion states are neglected in the two bright materials i.e. MoSe2 and MoS2. and MoS2, derived from the experiment and modeling. The second bright trion X is also marked. For MoSe2, only one bright trion X is measured and drawn.
Nature of dark-trion states. For dark transitions, two mechanisms have to be considered: (a) spin-forbidden transitions, and (b) momentum-indirect transitions [19] . Our experiments point towards spin-forbidden dark excitons. Momentum-dark states can show photoluminescence at rising temperatures because of phonon-assisted recombination processes. Thus a PL line emerges or is enhanced [48, 49] . However, we not observe this behavior in our experiment. Furthermore, transitions from dark to bright trions would need to absorb phonons in case of momentum-dark transitions and thus would distinctly deviate from a Fermi-Dirac distribution, which is contrary to our results.
In conclusion, we observe a strongly different behavior of the photoluminescence emission of trions in WSe2, WS2 vs. MoSe2, and MoS2 monolayers as a function of temperature. Our experimental results are excellently modelled by a dark-trion state energetically below the bright trions in WSe2 and WS2, and by a dark-trion state almost equal in energy with the bright trion in MoSe2 and MoS2. These results are also in good agreement with our ab-initio calculations based on GW-BSE theory. Our work provides a comprehensive understanding of the radiative phenomena in doped TMDCs as a function of temperature, and is important for a new generation of valleytronic devices involving the creation and readout of long-lived dark trions.
Supplemental Material
Samples and experiment. Monolayers of the transition metal dichalcongenide (TMDC) semiconductors WSe2, WS2, MoSe2, and MoS2 are mechanically exfoliated from the corresponding bulk single crystals (HQ Graphene, Groningen, The Netherlands) using the scotch tape method. Thin flakes (few tens of nm thickness) of hBN are mechanically exfoliated from bulk single crystals (HQ Graphene, Groningen, The Netherlands) with scotch tape as well. A hBN flake, a TMDC monolayer and another hBN flake are successively transferred on a 500 μm thick sapphire substrate using a dry transfer method [S1] . Each dry transfer step is followed by annealing at a temperature of 200 ∘ C under ambient conditions for 15 minutes. This method ensures good interfacial quality between hBN layers and the TMDC monolayers, which reduces the exciton linewidths, approaching the homogeneous regime.
Optical spectroscopy is performed by keeping the samples in an optical continuous flow He cryostat. For retrieving an absorption spectrum A(λ), reflectivity R(λ) and transmission T(λ) spectra are measured on the same location of the sample under the same experimental conditions. The optical absorption of the sample is calculated as A(λ) = 1 − R(λ) − T(λ). For the reflectivity measurement, light from either a broadband LED source (for WS2 and MoS2) or a tungsten halogen lamp (for WSe2 and MoSe2) is incident on the sample through a 50x long working distance objective lens (numerical aperture NA = 0.55). The reflected light is dispersed using a monochromator with 300 mm focal length, and the spectrum is measured with a peltier-cooled charge coupled device camera. The system response (reference spectrum) is measured by reflecting light from the bare sapphire substrate area close to the hBN/TMDC/hBN structure. Transmission spectra are taken in a similar manner, except that the light is incident on the sample via a achromatric doublet convex lens with 75 mm focal length. For photoluminescence (PL) measurements, a continuous wave laser of 532 nm (2.22 eV) wavelength is focused on a diffraction limited spot. The focused power is noted on the y axis of Figs. 1(e-h) in the main text for the four TMDC materials. Lowtemperature spectra ( = 5K) for the four samples are presented in Fig. S2 .
Absorption and photoluminescence line widths. The line widths of the trion and exciton resonances lie between 1.8 meV and 6.8 meV (Table S1 ), which demostrates the excellent quality of the samples. Unresolved resonances are marked with a hyphen. For the transition energies of the resonances, we refer to Table 1 of the main text. trions outside the light cone redistribute to higher energies. However, the population within the light cone is largely unaffected, and the oscillator strength is similar to that in (c). (e) For even higher temperature ( = T`), the trion population within the light cone spills out to higher energies, and the oscillator strength is substantially reduced, as depicted in (f). 
